ABSTRACT TiO2-NaYF4:Er 3+ /Yb 3+ -C3N4 composite photoanodes were successfully designed for the first time. The photoelectric conversion efficiency of TiO2-NaYF4:Er 3+ /Yb 3+ -C3N4 composite cell can result an efficiency of 7.37%, which is higher than those of pure TiO2 cell and TiO2-C3N4 composite cell. The enhancement of the efficiency can be attributed to the synergetic effect of NaYF4:Er 3+ /Yb 3+ and C3N4. Electrochemical impedance spectroscopy analysis revealed that the interfacial resistance of the TiO2-dye|I3 − /I − electrolyte interface of TiO2-NaYF4:Er 3+ /Yb 3+ -C3N4 composites cell was much smaller than that of pure TiO2 cell. In addition, the TiO2-NaYF4:Er 3+ /Yb 3+ -C3N4 composite cell had longer electron recombination time and shorter electron transport time than that of pure TiO2 cell.
INTRODUCTION
With the increasingly serious energy crisis, more and more people begin to explore new alternative energy. Dye-sensitized solar cells (DSSCs) have received tremendous attention for the development of next-generation solar cells because of their high power conversion, low-cost and environment-friendliness [1] [2] [3] . It is well known that the amount of dye adsorption, light harvesting efficiency, and the ability of charge separation and transport are three important factors to improve the photoelectric conversion efficiency of DSSCs [4] [5] [6] [7] [8] . In particular, the properties of materials such as excellent light scattering, fast electron transport and large specific surface area play an important role in enhancing the light conversion efficiency of DSSCs [9, 10] . In order to enhance the photoelectric conversion efficiency of a DSSC, researchers have designed different architectures of TiO2 nanocrystalline films, such as doping of metal and nonmetal elements, surface modifications, and combination with narrow band gap semiconductors [11] [12] [13] . In addition, the conduction and valence bands of the rare earth (RE) ion modified TiO2 nanoparticles have higher potentials than those of unmodified TiO2 nanoparticles due to the participation of RE ions in the hybridization orbital of TiO2, which can reduce the probability of recombination of excited electrons and holes to increase the short-circuit current during the operation of the DSSCs.
RE ions doped luminescent materials usually show unique down-conversion (DC) and up-conversion (UC) properties, which offer the opportunity to improve light harvesting and thereby the efficiency of the solar cells [14] [15] [16] . To date, there have been a number of reports on luminescence materials. Among them, fluorides doped with RE ions have low photon energies and high quantum efficiencies, which give them the potential for widespread applications in optical communication, display devices, and solid-state lasers. Especially, NaYF4 is acknowledged as the most efficient luminescence host material at present. However, the incorporation of NaYF4:Er 3+ /Yb 3+ into DSSCs can lead to poor charge transfer due to the poor electrical conductivity of NaYF4:Er 3+ /Yb 3+ [17] [18] [19] [20] [21] [22] [23] , which limits the significant enhancement of photoelectric conversion efficiency of DSSCs.
As a new metal-free semiconductor, g-C3N4 has attracted increasing attention owing to its excellent mechanical, electrical, thermal, and optical properties, and outstanding potential for energy conversion and storage. Some efforts have been devoted to combining C3N4 with a metal or oxide to form heterojunctions because composite materials could present complementary properties. It could be used as a photoanode material in DSSC due to its ability to absorb a large part of visible light. More importantly, g-C3N4 has more negative conduction band position than that of TiO2, which may effectively prevent the migration of electrons from TiO2 to the electrolyte [24] [25] [26] .
As a result, if one can design dual-mode luminescent TiO2-NaYF4:Er 3+ /Yb 3+ -C3N4 composite photoanodes, the efficiency of the solar cells can be enhanced due to the synergetic effect of NaYF4:Er 3+ /Yb 3+ and g-C3N4. Based on the above consideration, we prepared a NaYF4:Er 3+ /Yb 3+ -C3N4 composite by combining the hydrothermal with chemisorption method, which have the ability to improve the efficiency of the solar cells. The high photovoltaic activity of the TiO2-NaYF4:Er 3 +/Yb 3+ -C3N4 composite photoanode is superior to the most reported photoanodes [27] [28] [29] [30] . The significantly improved photoelectric conversion efficiency of DSSC is related to the synergetic effect of NaYF4:Er 3+ /Yb 3+ nanoparticles and C3N4 (Scheme 1). The electron transport and interfacial recombination kinetics were investigated by the electrochemical impedance spectroscopy (EIS) and intensity-modulated photocurrent/photovoltage spectroscopy.
EXPERIMENTAL SECTION

Preparation of NaYF4:Er
3+
/Yb
3+ nanoparticles All chemicals used in this paper were analytical grade and used as received without further purification. In a typical synthesis, 0.5 g polyvinyl pyrrolidone was added to 10 mL deionized water, and the solution was thoroughly stirred. An aqueous solution of 1.6 mL Y(NO3)3, 0.4 mL Yb(NO3)3 and 0.04 mL Er(NO3)3 was added into the above solution under stirring at room temperature for 10 min. Then, 0.212 g NaF was added to the above mixture under stirring. Subsequently, the milky colloidal solution was transferred to a 50 mL Teflon-lined autoclave, and heated at 140°C for 10 h. The systems were then allowed to cool to room temperature. The final products were collected by means of centrifugation, washed with deionized water and ethanol, and dried at 80°C.
Preparation of NaYF4:Er
3+
/Yb
3+ -C3N4 nanocomposites
The C3N4 was first prepared by heating melamine to 550°C for 2 h in N2 atmosphere. An appropriate amount of C3N4 was added into methanol then the beaker was placed in a sonifier cell disrupter for 2 h to completely disperse the C3N4. The NaYF4:Er 3+ /Yb 3+ powder was added into the above solution and stirred in a fume hood for 24 h. After volatilization of the methanol, an opaque powder was obtained after drying at 100°C in N2 atmosphere.
Materials characterization
The crystal structure was analyzed by X-ray powder diffraction (XRD) patterns obtained by Bruker D8 Advance diffractometer by using Cu Kα radiation (λ = 1.5406 Å, 40 kV, 40 mA). The size and morphology of the final products were investigated by transmission electron microscopy (TEM, JEOL, JEM-2100) and scanning electron microscopy (SEM). Nitrogen adsorption-desorption isotherms were collected using a Tristar II 3020 surface area and porosity analyzer (Mcromeritics). Thermogravimetry (TG) measurements were carried out on a thermal analyzer (TGA-7, Perkin-Elmer, USA) using a 2-mm internal diameter Teflon tube with a heating rate of 10°C per minute under a flow of air. Fourier transform infrared (FTIR) spectra of the samples were recorded at room temperature with a Perkin-Elmer Spectrum one FTIR spectrometer using the KBr pellet method. UV-vis absorption spectra were determined by a UV-vis spectrophotometer (Shimadzu UV-2550, Tokyo, Japan). The photoluminescence spectra were recorded with a Hitachi F-4600 fluorescence spectrophotometer at room temperature. The UC luminescence spectra were recorded using a Hitachi F-4600 fluorescence spectrophotometer with an adjustable laser (980 nm) as the excitation source with a fiber-optic accessory. For comparison of the luminescence properties of different samples, the luminescence spectra were measured with the same instrument parameters (2.5 nm for spectral resolution (FWHM) of the spectrophotometer and 400 V for PMT voltage).
Fabrication of photoelectrodes
Fabrication of photoelectrode and the assembly of DSSCs: several pastes, from homogeneously mixing NaYF4:Er 3+ /Yb 3+ -C3N4 and TiO2 (Degussa P25) into 1.5 mL of TiO2 colloid, were prepared. The TiO2 colloid was prepared following the previously published synthesis procedure [31] . A screen-printed double layer of TiO2-NaYF4:Er [32] . The dye-sensitized photoanode was assembled with a Pt counter electrode into a sandwich-type cell. The sandwich-type cell was further fixed together with epoxy resin. The space between the electrodes was filled with the electrolyte, which comprised 0.
, by capillary action.
Photovoltaic properties
Photovoltaic measurements were carried out with a solar simulator (Oriel, USA) equipped with an AM 1.5G radiation (one sun conditions, 100 mW cm −2 ) filter as the light source. The irradiation area of DSSCs was 0.09 cm 2 . The EIS were performed with a computer-controlled IM6 impedance measurement unit (Zahner Elektrik, Germany) and carried out by applying sinusoidal perturbations of 10 mV with a bias of −0.8 V at a frequency ranging from 10 mHz to 1 MHz. The obtained spectra were fitted with ZsimpWin software in terms of appropriate equivalent circuits. The electron transport and recombination properties were measured by intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage spectroscopy (IMVS) (Zahner Elektrik, Germany). The DSSCs were probed through the photoanode side by a frequency response analyzer using a white light emitting diode (wlr-01) as the light source. The frequency range was 0.1-1000 Hz. The irradiated intensity was varied from 30 to 150 W m −2 .
RESULTS AND DISCUSSION
Crystal structures and morphologies of samples The crystal structure, particle size and morphologies of the products were obtained by XRD, TEM and SEM images. Fig. 1 shows the XRD patterns for the prepared NaYF4:Er (1) Fig. 1a shows the XRD pattern of g-C3N4. The pure g-C3N4 sample has distinct peaks at 13.0°and 27.3°, which were indexed as (100) and (002) diffraction planes. Curve 3 in Fig. 1a It is well known that the photoelectric performance of DSSCs was closely related to the specific surface areas of the samples. N2 adsorption-desorption isotherms of the as-obtained C3N4 Fig. 7a shows the photocurrent density-voltage (J-V) curves of pure TiO2, TiO2-C3N4, and TiO2-NaYF4:Er Table 1 . It was found that the performance of TiO2-NaYF4:Er 3+ /Yb 3+ -C3N4 cell was not only higher than that of pure TiO2 cell, but also higher than those of TiO2-C3N4 cell. It is noted that the photoelectric conversion efficiencies of the DSSCs were also enhanced by the incorporation of NaYF4:Er . However, the results of the IPCE spectra indicate that the luminescence of NaYF4:Er 3+ /Yb 3+ only has a little effect on the performance improvement. Second, it is well known that the conduction and valence bands of the RE ion modified TiO2 nanoparticles have higher potentials than those of unmodified TiO2 nanoparticles due to the participation of RE ions in the hybridization orbital of TiO2, which can reduce the probability of recombination of excited electrons and holes to increase the short-circuit current during the operation of the DSSCs. Finally, the UV-vis absorption band of NaYF4:Er 3+ /Yb 3+ -C3N4 increases with increasing the amount of C3N4, which is beneficial for the absorption of visible light (Fig. 4) . More importantly, C3N4 has more negative conduction band position than that of TiO2, which may effectively prevent the migration of electrons from TiO2 to the electrolyte. And thus, the TiO2-NaYF4:Er EIS is a powerful method to investigate internal resistances in the charge-transfer process of DSSCs. The wide frequency range of EIS means that it can measure wide-scale internal resistances of each electrochemical step at the same time. DSSCs are complex systems which are composed of several interfaces. A high level of electron accumulation must occur because photogenerated electrons are not extracted immediately at the electrode contact under illumination. Generally, the impedance at low frequency ( 
where RDif = B/Y0, and τ = B 2 . B is a constant phase element. According to the equivalent circuit, the EIS data obtained by fitting the impedance spectra of composite DSSCs are listed in Table 2 . It can be seen that R2, representing the interfacial resistance of the TiO2-dye|I3 Table 2 Parameters obtained by fitting the impedance spectra of composite solar cells using the equivalent circuit in the inset in Fig. 8a DSSCs In DSSCs, the electron recombination time (τn), the electron transport time (τd), and the charge collection efficiency (ηcc) are important factors for the performance of DSSCs. IMPS and IMVS are conventional methods to investigate the electron transfer and recombination process. The IMPS response plots and IMVS response plots of pure TiO2 cell and TiO2-NaYF4:Er (Fig. 4) . 
CONCLUSIONS
